The impact of the installation of a large-scale photovoltaic (PV) system to the electric power grid management is analyzed in a series of two works: Part 1 and Part 2. The PV generation is estimated in Part 1 (see Labor & Engenho, v.9, n.1, p.90-102, 2015). By applying the results of Part 1, the Guatemala's electric power grid management is simulated with a virtually-installed large-scale PV system using a nonlinear analysis model in this work, Part 2. The thermal power plants reduced their operation in the simulation by installing the PV system, however the effect of the PV system installation to the plants is different in each thermal power plant. The contribution of the PV installation to the reduction of operation of the largest generation thermal plants is very limited or null, because of their high efficiency and low cost in operation. On the other hand, the middlelarge generation thermal power plants reduce their operation after installing PV system in this simulation. The reduction of thermal plants' operation becomes large, but its reduction gradient becomes small as the PV installing capacity becomes large.
Introduction
Photovoltaic (PV) energy has been expanding rapidly throughout the developed nations around the world. According to the "PV status report 2012" (Jäger-Waldau, 2012) , from the European Commission, this expansion is due to the creation of new laws promoting its use. Emerging markets in The Americas have been also created similar laws, however PV development has not reached such levels.
In a series of two works: Part 1 and Part 2, Guatemala, which is located in the lower latitudes of Central America, is selected as the target for the analysis of photovoltaic (PV) installation. The solar irradiance and the PV output were evaluated in Part 1 (Wyss Porras et al., 2015) . In this work, Part 2, the evaluated PV output from Part 1 is used to simulate the electric power grid management after installing PV system, and the impacts of the PV installation to the ordinal electric power grid are evaluated with a nonlinear analysis tool.
There are two main reasons for choosing Guatemala as a target country for the present work: There were no PV power plants connected to the electric power grid in December 2013. Therefore we can compare the simulated power grid management after installing a PV system with the current status, and can discuss the effect of the PV installation. Next, Guatemala's electric power grid consists in only one grid which connects all the urban areas and most of the rural areas, this makes an impact analysis of the PV installation easy.
There are several approaches to apply the nonlinear analysis tools to analyze the management of the photovoltaic energy. Movilla, Miguel and Blázquez (2013) use the tool named System Dynamics, in order to analyze the future profitability of photovoltaic energy in Spain. Hsu (2012) , Ahmad, Mat Tahar, Muhammad-Sukki, Munir and Abdul Rahim (2015) and Silveira, Tuna and Lamas (2013) use the System Dynamics to analyze the role of policies in the development of photovoltaic energy in their respective countries. Their research is focused on the economic and political assessment of PV systems in the target countries. However, they do not discuss the integration of PV systems in to the electric power grid from the engineering point of view. Since PV output varies frequently due to the diurnal motion and weather changing, PV output varies evidently during the day, and the detailed analysis is required for the management of the electric power grid after PV installation. Li, Zhou, Li and Zeng (2012) use the System Dynamics to analyze power grid engineering projects management. They found that System Dynamics can be used to optimize the management aspects of power grid engineering projects. Kaifel (2011) develops a model for the simulation and optimization of a power grid system including renewable energies, such as PVs and wind powers. Ramli, Hiendro, Sedraoui, and Twaha (2015) discuss the optimal sizing of grid-connected PV system in Saudi Arabia.
In this work, the System Dynamics is employed as an analysis tool to evaluate a future grid management with a large-scale PV system in Guatemala. From the analytical results the impact and potential of the PV installation are discussed.
Electric Power Plants
As of January 2012, there were 85 power plants in Guatemala, and their total capacity was 2,795 MW. Guatemala's energy demand is supplied by a combination of hydro, geothermal, biomass and thermal power plants. Table 1 indicates the number of the plants. Figures 2  and 3 show the installed capacity and energy produced in Guatemala in 2013, respectively.
It can be seen from these figures that the country relies heavily on the hydro and the thermal power plants. Their installations are about one third and 40 % respectively and their energy productions cover about half and one third. The output of the hydropower plants changes due to the precipitation, and it becomes large after the rainy season from June to November. This happens because most hydropower plants don't have yearly-regulated reservoirs, which allow to store water during the rainy season and to generate electric power during the whole dry season.
The biomass power plants use the waste material from the production of sugar from sugar cane as fuel. Their generation also changes evidently in a year due to the agricultural cycle of sugar cane as shown in Figure 4 .
On the other hand, the output of geothermal power plants is constant throughout the year.
The thermal power plants are categorized into three types from the fuels: coal, heavy oil and gas. The energy price, efficiency and the reaction time are different among them. The specifications of major thermal power plants are listed in J a n u a r y L&E ISSN 2176-8846 In this table the actual electric generations in 2011 are also indicated, and the plants are sorted with the parameter for the latter discussion. Figure 5 indicates the typical energy supply in the dry season in 2011.
In a short term, the output of the geothermal and biomass power plants is constant, and the hydro power plants are operated under a schedule planed in advance. The output of the thermal power plants is controlled to respond to the short-term aluctuation of the demand.
In December 2013, any PV systems have not been introduced into the electric power grid, as seen in Figure 2 .
Electric Power Grids
Guatemala's electric system consists in one grid, and it connects all the power plants and all urban and most rural areas. It makes the analysis of the grid management simple, and it is the advantage of this study. A map of Guatemala's electric system is indicated in Figure 6 . This system is managed by Wholesale Market Administrator (Administrador del Mercado Mayorista, AMM) who is responsible for estimating the daily energy demand and preparing an electric generation schedule for the available power plants.
Electricity Demand
The typical energy demand curve for the year 2011 is indicated in Figure 7 . The demand increases during the day and reaches its peak in the early evening. The demand in the midnight is about half of the peak demand.
Electric Power Trading
Guatemala imports or exports the electric power between the neighbor countries; Mexico and El Salvador. Figure 8 indicates the typical daily import-export trend of the trading electric power. L&E ISSN 2176-8846 The imported power supports the electricity demand usually in daytime, as shown in Fig. 5 . However, most of the trading electric power, about 150 MWh in daytime is passing through Guatemala, and the consumed power in Guatemala is about 50 MWh during the daytime as shown in Figures 5 and 7. The consumed power is small compared with the total capacity 2,795 MW of the electric power plants in Guatemala.
Grid Managing Analysis

Analysis Model
In order to analyze Guatemala's electric system, we propose an analysis model based on the System Dynamics. The System Dynamics is a modeling tool to analyze the nonlinear behavior of complex systems over time. It's constituted with stocks, flows, feedback loops and time delays. It was originally developed by Forrester (Forrester, 1961) in order to provide a tool for managers to understand business and industrial processes and their interactions. However, its applications cover any complex system, i.e. social, managerial, economic, or industry processes (System Dynamics Society, 2014).
Model Description
Model Structure
The model proposed here includes all electric power plants and electric power grids in Guatemala. Since the model includes 85 plants, the entire structure of the model cannot be indicated in this article; therefore a simplified model is indicated in Figure 9 for the explanation of the model structure.
The Timer in the figure generates the date and time continuously, and synchronizes all the behavior in the model. All plants, i.e. Thermal Power, Hydro Power, Geothermal Power and Biomass Power plants, generate electric power and supply it to the demand side under the direction of the Timer. The information of the Demand is feedback to the Thermal Power plants to manage them for keeping electric balance between the generations and demand. The electric power trading is also taken into the account at the nodes Import and Export in the figure. These interactions are set in as nodes and logical functions which simulate the electric system under the actual rules.
The alows of electric power and information are indicated by double and single arrows, respectively in the aigure.
Electric Power Plants except Thermal Power Plants
The hydro, biomass and geothermal power plants in Guatemala are operated on the schedule planed in advance. Therefore in the model, the database for the operation schedule for each plant is prepared, and each plant generates electric power in accordance with the database under the direction of the Timer in Figure 9 . The generation record in 2011 published from AMM (Administrador del Mercado Mayorista, 2014) is used to prepare the database. 
Electric Power Demand
The electric power demand changes due to social activity which is difficult to simulate directly. Therefore the database for the Demand in Figure 9 is prepared from the expected electricity demand in 2011 reported by AMM (Administrador del Mercado Mayorista, 2014) instead of the actual one.
Electric Power Trading
The import/export electric power between neighbor countries is simulated with the database which is prepared from AMM (Administrador del Mercado Mayorista, 2014) in the model, similar to the electric power demand.
Thermal Power Plants
Guatemala's law forces the electric power grid administrator, AMM, to use renewable energy sources before using the non-renewable ones, and the thermal power plants will be used only to supply deaicit of the electric power to the demand. It means that the thermal power plants are operated to achieve a balance between the electric power supply and the demand. The Thermal Powers are monitoring the generation of all other plants and the electric trade and the feedback from the Demand, and are controlled by the power generation in the model as shown in Fig. 9 .
Since there are several types of thermal power plants with different fuel types, each plant has its own priority to operate in accordance to the following items:
• Energy Prices; is directly linked to electricity prices. The cheaper the fuel the more priority it gets. Coal is the cheapest, and heavy oil and diesel follow it in order. • Efaiciency; is directly linked to electricity prices too. The more efaicient a power plant is the better priority it has.
• Reaction time; means how long it takes for the power plant to warm up and start generating.
A plant with higher priority works more than the one with lower priority. In the model, the thermal power plants communicate among them, and work following to the priority for keeping the electric power balance between the generation and the demand.
The priority of each power plant is set by AMM using the three items listed above, their interaction and contributions to the system are simulated with nodes and logical functions in this model.
Model Validation
In order to evaluate the validity of the developed model, the model is performed under the conditions in the year 2011 and the simulated thermal power generations are compared with the actual ones. The coefaicient of determination between the simulated generation and the actual one of 11 thermal plants are listed in Table 3 . The coefaicient is deained as follows:
Where SSres is the sum of squares of residuals and SStot is the total sum of squares and they are deained as:
Where yi is the actual power generation data in 2011, fi is the simulated power generation and y is the mean of the actual generation. The other thermal plants work less than 100 hours (about 1% of a year) in a year, and the data isn't effective for this validation. The coefaicient R 2 for all simulated thermal power operation is 0.92. These results show the validity of the model.
Impact Analysis of PV Installation
Model Reconstruction with PV System
A large-scale PV system is installed with the optimized conditions in the model constructed with the System Dynamics for the impact analysis of PV installation to the grid. The install conditions, e.g. location and tilted panel angle, and time series meteorological data are estimated in Part 1 (Wyss Porras et al., 2015) .
The model including the PV system is indicated in Figure 10 . The model in this aigure is simpliaied for the explanation. It is found that the PV System is added similar to the ordinal electric power plants by the comparison between Figures 9 and 10.
In this model, Power Rating of the PV System is fixed first. The meteorological database is constructed from the result computed with the meteorological model (Wyss Porras et al., 2015) at Section 3 in Part 1. Irradiance and Temperature of the Meteorological Model in Figure 10 are generated from the meteorological database under the direction of Timer. The PV System evaluates its output from the database with the method explained at Section 4 in Part 1, and supply the output to the electric power grid together with the ordinal power plants. 
Results and Discussions
By installing the PV system, the electric generation of the thermal power plants may be reduced, because the plants get feedback from the demand and control the electric balance on the grid as shown in Figure 10 . The reduction of the power plants' generation is evaluated as the impact of the PV installation to the electric power grid. The capacity of the installed PV system, which corresponds to the Power Rating in Figure 10 The plants are categorized in these figures with their actual generation scale. Each thermal power plant is operated with the own priority defined by AMM from the energy cost, efficiency and the reaction time. And the PV installation impact is discussed with the actual power generation simulated on the model. The capacity and the actual generation of each thermal power plant is listed and sorted with the generation in Table 2 . The generation of some power plants, i.e. Tampa, Stewart & Stevenson and Escuintla Gas 5 is small compared with their capacities, as seen in the table, because of their low priority.
In Figure 11 , the largest generation power plants are grouped. They are operated throughout the year in order to balance the demand with the energy generation after the use of the renewable energy sources. In this figure ISSN 2176-8846 lowest priority in operation among the largest generation power plants, and it may reduce evidently the operation when the PV installed as the result of the simulation.
L&E
On the other hand, the Las Palmas 2 power plant generates 440,070 MWh, and it doesn't get any impact from the installation of the PV system. This plant uses coal as fuel and it is the latest plant which was installed in May 2010; besides, it has the highest priority among the four largest generation power plants.
We deaine the parameter 'sensitivity' to the impact of the PV installation as the negative gradient of graph in Figure 11 . It's evaluated the reduction of the generation in unit MWh divided by the increase of PV installed capacity in unit MW. The sensitivity of Arizona power plant is 957.19 MWh/ MW at the 0 MW PV system installation, and the largest sensitivity among the plants in Figure 11 . On the other hand, the sensitivity of the Las Palmas 2 power plant is 0 MWh/MW on the same situation.
The impact of the PV system installation to the mid-large generation power plants is presented in Figure 12 . The plants in this class are for supporting the increasing demand in daytime and the early evening shown in Figure 7 , especially in the dry season when hydropower plants cannot generate enough power. They usually have lower priority in operation than the largest generation power plants in Figure 11 . Their generations reduce as the install capacity of the PV system increases. Only La Libertad has a very small reaction to the installation of the PV system; the sensitivity is only 9.04 MWh/ MW at the 0 MW PV system installation, and it is negligible. There are several reasons for their lower priority compared with those in the largest generation power plants. First, their efficiency is lower than the largest generation power plants due to the scale merit of the generation. Second, they were all installed between 1993 and 1998, and use heavy oil as fuel and their operating prices are higher than those in Figure 11 . Their sensitivities at the 0 MW PV installation are from 214 to 340 MWh/ MW, except the La Libertad power plant.
The impact of the PV system installation to the mid-small generation power plants is presented in Figure 13 . Their operating cost is higher, and therefore their priority is lower than the larger plants in Figure 12 . These power plants change their output throughout the day due to changing the demand, and mainly support the peak demand in the early evening in Figure 7 . The usual operation period of the plants is after the sunset, and some plants, e.g. Arizona and Generadora CS, don't get strongly affected from the PV installation, and their sensitivities aren't large. Figure 14 shows the impact of the PV system installation on the smallest generation thermal power plants. The amount of the electric generation is small, but they are required, because they support the peek and emergent demands for the grid managing. These power plants are the most expensive ones, using diesel or heavy oil as fuel.
The relation between the install capacity of the thermal power plants and their sensitivity to the PV installation is plotted in Figure 15 .
One of the largest generation plants, Arizona has the highest sensitivity as shown in this figure, because of its low cost operation and short reaction time, as explained before. In this figure, the sensitivities of the middle-large generation power plants tend to be larger than the others. The plants of this class works mainly in the daytime and early in the evening to support the high demand. Therefore, the installed PV system supply electric power in the daytime instead of the thermal plants, and the plants may reduce their operation. On the other hand, the large thermal plants, except Arizona, operate throughout the year as the base load power plants, and their sensitivity to the PV installation is similar as shown in Figure 15 .
Most power plants which reduce the generation due to the installed capacity of the PV system increase. And also their sensitivity decreases; for example, the sensitivity of the middle-large plant Genor in 
Conclusions
The impact of the installation of a photovoltaic system to the electric power grid in Guatemala is simulated with the nonlinear analytical tool, called 'System Dynamics' . The installing condition of the PV system is the estimated in Part 1 (Wyss Porras et al., 2015) , in which estimation, this installing condition is optimized in efficiency under the weather and the irradiance in Guatemala.
In this simulation, all 85 power plants operated in 2011 are represented and it is evaluated the reduction of the electric generation of the individual thermal power plant due to the installation of the PV system. The contribution of the PV installation to the reduction of the thermal power plants' operation is very small or null for the largest generation thermal plants because of their high efficiency and low cost in operation. On the other hand, the middle-large generation thermal power plants reduce their operation after installing PV system in this simulation, because these power plants work mainly in daytime to support the high demand, and the installed PV system will supply the electric power in daytime instead of the plants after the PV installation. The reduction of thermal power plants' operation becomes large as the PV installing capacity becomes large, but its reduction gradient becomes small as the PV installing capacity increases. This may cause the capacity limitation to allow the time variation of the PV power generation. 
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